Observing zero-field spin dynamics with spin noise in a pi-pulse
  modulated field by Zhang, Guiying et al.
ar
X
iv
:1
90
1.
00
71
4v
3 
 [p
hy
sic
s.a
tom
-p
h]
  1
7 J
un
 20
19
Observing zero-field spin dynamics with spin noise in a pi-pulse modulated field
Guiying Zhang,1, 2 Ya Wen,1 Jian Qiu,3 and Kaifeng Zhao1, ∗
1Institute of Modern Physics, Department of Nuclear Science and Technology and Applied Ion Beam Physics Laboratory,
Key Laboratory of the Ministry of Education, Fudan University, Shanghai 200433, China
2College of Science, Zhejiang University of Technology, Hangzhou 310023, China
3Insitute for Electric Light Sources, School of information Science and Engineering, Fudan University, Shanghai 200433, China
(Dated: June 18, 2019)
Spin noise spectroscopic study of spin dynamics in a zero magnetic field is commonly masked by
the dominating 1/f noise. We show that in a pi-pulse modulated magnetic field, spin noise spectrum
centered at one-half of the modulation frequency reveals spin dynamics in a zero-field free of any
low-frequency noise.
A sample of N paramagnetic spins at thermal equi-
librium generates spin fluctuations of the order of
√
N .
According to the fluctuation-dissipation theorem [1], the
power spectrum of fluctuations, whether they are clas-
sical or quantum in nature, is proportional to the fre-
quency response of the system to a small driving force,
and vice versa. The measurement of such fluctuations,
spin noise spectroscopy, was pioneered in the early 1980s
[2, 3]. With the modern instrumental advancement such
as real-time spectrum analyzer and ultra-fast digitizer, it
has become a powerful non-perturbative way to obtain
information about the spin dynamics of various systems
including atomic vapors [4], semiconductors [5–7], and
quantum dots [8, 9]. The most efficient non-perturbative
spin noise detection method is by measuring the Faraday
rotation (FR) of an off-resonant linearly polarized beam
passing through a strictly unpolarized sample [10, 11].
FR is also widely used for calibrating the spin noise for
quantum metrology, where an unpolarized system is more
favorable than a polarized one which is prone to convert-
ing classical noises into spin fluctuations or to introduce
back-action noises, both of which scale as N and over-
whelm the projection noise [12, 13].
In conventional FR spin noise measurements, a DC
magnetic field transverse to the probing direction is ap-
plied to shift spin noise spectra (SNS) to a high-frequency
region free from any technical noises, especially the dom-
inating 1/f noise [2]. But spin dynamics in (near) zero-
field can be very different from that in large fields [14–17].
Cross-correlation SNS has been used to study heteroge-
nous interacting spin system in zero-field. [18]. Although
SNS in zero-field can be obtained by subtracting SNS in
zero and high transverse field from each other [16], due to
the wandering 1/f noise, such approach only works when
the linewidth or the power of the spin noise is much larger
those of the 1/f noise. Here we show that by using a pi
pulse modulated (PM) field, one can observe the spin
dynamics in zero-field with SNS signals shifted to one-
half of the field modulation frequency. We demonstrate
this technique by studying the spin-exchange relaxation
(SER) in a 87Rb atomic vapor, which consists of two spin
species with equal but opposite g-factors. We also pro-
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FIG. 1. (color online) Spin precessions on the two hyperfine
sublets in a pi-PM (a) or an arbitrary θp-PM field (b).
pose a generalized pi-PM field for studying interactions
between spins with an arbitrary ratio of g-factors. Sup-
pressing SER by pulsed modulated field was first demon-
strated with 2pi-PM [19], which has no time-averaged
spin precession. pi-PM with synchronous σ+ and σ−
pumping has been used to achieve SERF magnetometry
and to suppress the back-polarization field of 87Rb in a
Helium-Neon comagnetometer [20]. It should be noted
that a very similar technique was independently devel-
oped by Zhang and Zhao to achieve SERF Bell-Bloom
magnetometry in large fields with phase sensitive detec-
tion [21] following their proposal of using pi-PM field to
evade light-shift-back-action-noise [22]. SNS in sinusoidal
bias fields has been studied theoretically [23] on the 2nd-
order spin correlations and experimentally on the 4th-
order spin correlations [24]. Interestingly, ultra-high fre-
quency SNS can be shifted to the low-frequency region
with a pulsed probe laser [25, 26].
The basic idea of our method is shown in Fig.1(a). The
ground state of alkali metal atoms has two hyperfine sub-
lets with corresponding atomic spin numbers Fa = I+1/2
and Fb = I − 1/2, where I is the nuclear spin number.
The two sublets have equal but opposite g-factors, thus
Fa and Fb precess in the opposite direction under a con-
stant magnetic field. Without loss of generality, assum-
ing both spins are in the same direction initially, their
relative angle, as well as the magnitude of the total spin
changes coherently with time. If a random spin exchange
collision (SEC) takes place between a pair of atoms dur-
ing the precession, while the total spin is conserved, each
atom flips between the two hyperfine sublets, reversing
its spin precession direction. Thus their coherence is de-
stroyed and the magnitude of the total spin relaxes. If
2we replace the constant field by a pi-PM one and assume
that the pulse-width is so narrow that SECs can only
take place between the pulses, then each pulse rotates
Fa by an angel of pi and Fb by −pi, making them point-
ing in the same direction at the end. The internal state of
the atomic system is the same before and after the pulse,
except for an overall spatial rotation which has no effect
on the microscopic SECs. Therefore, such a PM field is
equivalent to a zero-field for SEC even though each spin
reverses its direction pulse after pulse.
We first give a simple theory for the SNS in a PM
field. According to the Wiener-Khintchine theorem, the
power spectral density (PSD) of a random spin fluctua-
tion, F (t), is equal to the Fourier transform of the F (t)’s
autocorrelation function, C(τ) ≡ 〈F (t)F (t+ τ)〉,
S(ν) = 2
∫ ∞
0
cos(2piντ)C(τ)dτ. (1)
For spins with a constant relaxation rate in a bias mag-
netic field, C(τ) is given by
C(τ) = 〈F 20 〉e−Γ|τ | cos[θ(τ)], (2)
where Γ is the transverse relaxation rate, θ(τ) is the spin
precession angle during time τ and 〈F 20 〉 = F (F +1)/3 is
the variance of spin noise. Under a DC field of strength
B, θ(τ) = 2piνLτ , where 2piνL = gµBB is the Larmor
frequency with µB being the Bohr magneton. Assuming
Γ << 2piνL, we have
S(ν) =
〈F 20 〉
2pi
δ/2
(ν − νL)2 + δ2/4 . (3)
where δ = Γ/pi is the full-width-half-maximum (FWHM).
If the bias field is modulated with sharp pulses at fre-
quency νp, θ(τ) can be approximated by a staircase func-
tion, θ(τ) = ⌊(τ +τ ′)/Tp⌋θp, where Tp = 1/νp is the time
interval between successive pulses, θp is the pulse area
which is the spin precession angle caused by each pulse,
τ ′ is the time delay between the occurrence of a random
spin fluctuation and the last pulse, and ⌊x⌋ is the floor
function which gives the largest integer ≤ x. Since spin
fluctuation is a stationary random process, τ ′ should be
distributed between (0, Tp) uniformly [23]. Thus
C(τ) =
1
Tp
∫ Tp
0
dτ ′〈F 20 〉e−Γ|τ | cos[⌊(τ + τ ′)/Tp⌋θp]. (4)
When Γ ≪ ν¯L, where 2piν¯L = θp/Tp is the average Lar-
mor frequency of the pulsed field, we find
S(ν) ∝
∞∑
n=1,3,5
+∑
s=−
1− cos(θp)
T 2p ν
2
n,s
δ/2
(ν − νn,s)2 + δ2/4 , (5)
where νn,± = [n ± (θp − pi)/pi]νp/2 represent the center
frequency of each resonance. Note, n sums over all the
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FIG. 2. (color online) Experiment setup and parameters of
the PM field. BPD: balanced photo detector, Wollaston: Wol-
laston prism, λ/2: half-wave plate, d: duty cycle.
positive odd numbers. When θp 6= pi, each index n corre-
sponds to a doublet centered at nνp/2 with a frequency
splitting of νn,+ − νn,− = νp(θp − pi)/pi . When θp = pi,
the doublet merges into a single peak at nνp/2, and
S(ν) ∝
∞∑
n=1,3,5
8
n2
δ/2
(ν − nνp/2)2 + δ2/4 . (6)
Our experimental set up is shown in Fig.2. A 2.4 cm
cubic Pyrex cell containing 87Rb with no buffer gas is
placed in a ceramic oven. The inner wall of the cell is
coated with octadecyltrichlorosilane [27] to preserve the
spin coherence over several hundred wall collisions. The
oven is heated by a nonmagnetic wire and is well insu-
lated so that after the heating current is turned off, the
temperature of the cell drops less than 0.2K within 80 s of
signal averaging time. A 30 cm diameter Helmholtz coil
controlled by a low noise current source (ADC6156) pro-
vides the constant field. The pulsed-field is provided by a
18 cm diameter coil system driven by a homemade pulse
current supply controlled by a function generator. The
inductance of pulse coil is 16µH. The whole setup is en-
closed by a four-layer µ-metal shield to reduce the residue
field below 1 nT after degaussing. A 1MHz linewidth ex-
ternal cavity diode laser (Toptica DLpro) red-detuned
1.8GHz from 87Rb D1 line F = 2 to F ′ = 1 transi-
tion is used as the probe beam. The detuning is much
larger than the Doppler broadening (300MHz) and ho-
mogeneous broadening (∼ 10MHz) of the optical reso-
nance, ensuring negligible photon absorption. However,
it is much smaller than the ground state hyperfine split-
ting so that the FR signal is mostly contributed by the
spin orientation from the atoms on the F = 2 hyperfine
sublet. The probe beam passes through a single mode
optical fiber and is collimated into a beam of 4mm di-
ameter. It is then linearly polarized before entering the
vapor cell with a power of 0.5mW. The FR of the probe
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FIG. 3. (color online) SNSs under a DC field (νL = 17 kHz)
(filled black dots) and a pi-PM field (νp = 34 kHz, d = 2.5%)
(empty red circles). The cell temperature is 106 ◦C. The
resolution of the spectrum analyzer for the main plot and
the inset is 250Hz and 8Hz, respectively. For the DC field,
the SNS peaks at 17 kHz with a wide transit pedestal and
a narrow Ramsey peak. For the PM field, the two peaks
at 34 and 68 kHz, corresponding to integer multiples of νp,
are parasitic signals stimulated by the magnetic pulses. The
three peaks at 17, 51 and 85 kHz, corresponding to half-integer
multiples of νp, are the SNS predicted by Eq.(6).
is measured with a polarizing beam splitter and a bal-
anced photodetector (Thorlabs PDB210A) whose output
is fed into a spectrum analyzer (SRS760) for PSD mea-
surement. All spectra are linearly rms averaged 5000
times. The time of averaging is about 80 s for a 1.6 kHz
span and decreases with increasing span range.
Fig.3 compares the measured SNS in a DC and a pi-
PM field. The main plot shows the whole spectrum of
a 100 kHz span while The inset shows a zoomed scan
around the first Larmor resonance. Under the DC field,
the SNS centers at the Larmor frequency νL of the field,
and contains a wide pedestal due to the transit time effect
and a narrow peak due to the wall induced Ramsey effect.
For the transit pedestal, the observed spin autocorrela-
tion decays quickly as the atoms fly out of the probe
region, while for the Ramsey peak, the observed spin
autocorrelation lasts over a much longer time as atoms
transverse the probe region many times due to coherence
preserving collisions with the anti-relaxation cell wall.
The linewidth of the Ramsey peak is mostly contributed
by the SER broadening which is qσnv/pi ∼290Hz, where
σ is the Rb SE cross-section ∼2× 10−14 cm2, n the Rb
number density ∼0.85× 1012 cm−3, v the relative atomic
speed ∼430m/s and q = 1/8 the nuclear slowing-down-
factor for the F = 2 sublevel [28]. The rest of about
33Hz is contributed by wall relaxations. Under the pi-
PM field, the SNS is composed of multiple resonances
centered at the odd harmonics of the average Larmor
frequency νp/2 adjusted in our experiment to be equal
to νL of the DC field. The hight and width of the Ram-
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FIG. 4. (color online) Joint plot of the SNS of all Ramsey
harmonics in a pi-PM field. Each peak is obtained by sub-
tracting the transit pedestal from the spectrum scanned with
a 1.6 kHz frequency span. The inset table lists all the parame-
ters for each harmonic with the last row being the theoretical
relative peak heights, which are 1, 1/32, 1/52.
sey peaks are inaccurate in the main plot due to its low
frequency-resolution. From the high frequency-resolution
inset, it is clear that the Ramsey peak of the pi-PM field
is much narrower than that of the DC field. We will only
focus on the line shape of the Ramsey peaks because they
correspond to the single exponential relaxation assumed
in our theory and contain the information of SECs.
Fig.4 plots all the Ramsey harmonics in the pi-PM field
within the 100kHz bandwidth of the spectrum analyzer.
The parameters of each peak are listed in the inset table.
The measured values agree very well with the theoretical
results given by Eq.(6). Because
∑∞
n=1,3,5 1/n
2 = pi2/8,
the 1st harmonic contains ∼ 81% of total noise power.
Thus it alone is strong enough for studying spin dynam-
ics, while all the other harmonics are just its small repli-
cas.
The equivalence of a PM field to a zero-field depends
on two critical parameters, duty cycle d and pulse area
θp. When θp = pi, the PM field becomes more and more
equivalent to a zero-field as d → 0, since the probabil-
ity of SECs taking place during the pulse is equal to the
duty cycle. As a result, the FWHM of the Ramsey peak
decreases linearly with the d as is shown in Fig.5. On the
other hand, as is shown in Fig.6, for d≪ 1, spin dynam-
ics and the line shape of the Ramsey peaks are governed
by θp, which can be changed in our experiment by vary-
ing the voltage of the pulse driver. The dependence of δ
on θp at fixed νp and d is plotted in Fig.7. As shown in
Fig.1(b), when θp is close but not equal to pi, each pulse
changes the relative angle between the atomic spins on
the two hyperfine sublets by 2(θp−pi) for every time inter-
val Tp, equivalent to a DC field with Larmor frequency,
ωef = |θp−pi|/Tp as far as the evolution of this relative an-
gle is concerned. When ωef is nonzero, the orientation of
spins gets more and more diffused after each pulse when
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FIG. 5. (color online) Duty cycle dependence of the δ of the
1st Ramsey peak. The extrapolated δ at 0 duty cycle is 36Hz,
which should be free of any SER and solely contributed by
the wall relaxation.
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FIG. 6. (color online) SNSs with different pulse areas. The
value θp is calculated from the frequency splitting of the dou-
blet, νn,+ − νn,− = νp(θp − pi)/pi. The experimental data
(black circles) are fitted by a double Lorentzian of equal
linewidth (red solid line). The relative height of the two peaks
for each θp does not agree with that of Eq.5 very well, espe-
cially for θp > pi. It might be caused by the asymmetric
(shark-fin) shape of the actual field pulses, but the exactly
reason is not understood yet.
the atoms jumps back and forth between the two hyper-
fine states of different g-factors, causing SER broadening
which saturates until ωef is much larger than the SEC
rate. The exact dependence of SER on the strength of a
DC field has been solved for polarized spins [28]. A more
rigourous treatment may need the stochastic fluctuation
theory outlined in Ref.[18]. The solid line in Fig.7 is
the calculated total broadening using [28] with the SER
rate as the only adjustable fitting parameter. The fitted
SER rate is found to be corresponding to the Rb vapor
density at 104 ◦C, which is in good agreement with our
measured cell stem temperature of 105.4 ◦C, since alkali
vapor densities are usually lower in coated cells.
This method can also be extended to study the spin
correlations between spin species of arbitrary g-factors.
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FIG. 7. (color online) Pulse area dependence of the δ of the
1st Ramsey peak with d = 5%. The Black squares are ex-
perimental values and the blue solid line is the theoretical
calculation. The minimum δ is about 50Hz, contributed by
the 36Hz wall relaxation and the 14Hz residue SER due to
the finite pulse width.
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FIG. 8. (color online) A pi/2 pulse for S1 about z-axis followed
by a pi pulse for S2 about the y-axis followed by a pi/2 pulse
for S1 about z-axis effectively rotate both spins about the z-
axis by pi regardless of the ratio of their g-factors. The probe
beam is along the x direction.
For two spin species whose ratio of g-factors can be re-
duced to a ratio of two odd numbers, e.g. n/m, an npi-
pulse for one spin is simultaneously an mpi-pulse for the
other, hence an effective pi-pulse for both spins. Even for
two spins of an arbitrary ratio of g-factors, an effective pi-
pulse can be formed by a sequence of pulses as illustrated
in Fig.8. Assume both spins point in the x-direction ini-
tially, the first pulse rotates S1 about the z-axis by pi/2
and points it to the y-axis; the second pulse rotates S2
about the y-axis by pi, causing it to lead/lag S1 on the
x-y plane by the same angle it lags/leads S1 after the
first pulse; the last pulse rotates S1 about the z-axis by
pi/2 again, brings both spins to the −x-direction at the
end. The net result is that both spins rotated a pi radian
regardless of the ratio of their g-factors.
A pi-PM field with duty cycle d and average Larmor
frequency ν¯L requires the pulse height and width to be
52piν¯L/d and d/2ν¯L respectively, which are limited by the
coil inductance in practice, since the coil has to be large
enough to guarantee the field uniformity within the sam-
ple volume and its inductance is proportional to its size.
For our 2 cm cubic cell, the preliminary current supply
can create field pulses up to 40KHz repetition rate at
d = 2.5%. Such a limit can be easily increased by 3 to 4
orders of magnitude for micrometer-scale samples.
In summary, we show that spin dynamics of a strictly
unpolarized system in zero-field can be revealed, free
from the 1/f noise, with SNS in a pi-pulse-modulated
magnetic field. In fact, any magnetic field pulse which
ends up generating an overall rotation of the system while
maintaining the relative orientations of the internal spins
is capable of creating a macroscopically spin oscillation
signal while keeping the system invariant for microscopic
isotropic spin interactions. Therefore, this method is not
only limited to spin-exchange-collisions, and also the pi-
pulse presented here is just a special case which gives the
strongest macroscopic signal. The same technique also
can be applied to polarized systems to suppress SER as
well as any spin relaxations whose longitudinal relaxation
time is longer than the transverse one, which will ben-
efit precision measurements such as magnetometry and
gyroscope.
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